In most patients with Lyme arthritis (LA), antibiotic therapy results in Borrelia burgdorferi pathogen elimination, tissue repair, and return to homeostasis. However, despite spirochetal killing, some patients develop proliferative synovitis, characterised by synovial hyperplasia, inflammation, vascular damage, and fibrosis that persists for 
and because of similarities between chronic infections, autoimmunity, and other inflammatory diseases (Baio et al., 2008; von Herrath, Fujinami, & Whitton, 2003) .
Lyme disease (LD), caused by infection with the tick-borne spirochete Borrelia burgdorferi, serves as a unique model to study the causal relationships between immune responses to infection and subsequent development of immune-mediated disorders. LD is the most common vector-borne disease in the Northern Hemisphere, with an estimated 300,000 cases occurring annually in the United States, primarily in the Northeast (Nelson et al., 2015) . Lyme arthritis (LA) is the most common late-disease manifestation in the United States. Although most patients respond well to antibiotic therapy and their arthritis resolves, proliferative synovitis may persist or worsen in some patients for months or years following bacterial clearance by 2-3 months of oral and IV antibiotic therapy, called postinfectious LA Steere & Angelis, 2006) .
Although spirochetal components may persist after antibiotic therapy, culture and polymerase chain reaction testing for B. burgdorferi have been uniformly negative in postinfectious LA synovial tissue .
Postinfectious LA is an immune disorder characterised by vascular proliferation and damage, synovial hyperplasia, fibrosis, and accumulation of an inflammatory infiltrate within joint tissue and in surrounding synovial fluid (SF), which persists or worsens without evidence of active infection (Johnston et al., 1985; Lawson & Steere, 1985; Steere, Duray, & Butcher, 1988) . This is similar to the synovial lesion seen in the other chronic inflammatory arthritides such as rheumatoid arthritis (RA; Smolen et al., 2018) , except that the synovial lesion in LA often contains obliterative microvascular lesions (Johnston et al., 1985; Londono et al., 2014) .
Several genetic and regulatory factors associated with host adaptive immune responses are implicated in the disease aetiology of postinfectious LA. Certain human leukocyte antigen HLA-DRB1 alleles are the strongest genetic risk factor for postinfectious LA , as well as for RA (Plenge, 2009) . In RA, the HLA associations are with "shared epitope" alleles (Viatte et al., 2015) , whereas the associations in postinfectious LA are with a broader group of alleles . Both conditions are often accompanied by autoimmune T and B cell responses to proteins that are highly abundant in synovial tissue. In LA, the targets include endothelial cell growth factor (ECGF; Drouin et al., 2013) , matrix metalloproteinase-10 (MMP-10; Crowley et al., 2016) , apolipoprotein B-100 (APOB-100; Crowley et al., 2015) , and annexin A2 (ANXA2; Pianta et al., 2015) . In RA, however, targets are primarily citrullinated proteins, such as vimentin, fibrinogen, type II collagen, and enolase (Schellekens, de Jong, van den Hoogen, van de Putte, & van Venrooij, 1998) .
In addition to adaptive immune factors, genetic and regulatory factors associated with innate immune responses also play a role. A polymorphism in toll-like receptor 1 (TLR1) has been identified as another genetic risk factor for excessive and sustained innate and Th1 adaptive inflammatory responses in postinfectious LA (Strle, Shin, Glickstein, & Steere, 2012) . In addition, overexpression of miR-155, a pro-inflammatory microRNA downstream of TLR/NF-κB signalling, is also associated with postinfectious LA (Lochhead et al., 2017) . Because the trigger of postinfectious LA, B. burgdorferi infection, is known with certainty, LA is a natural human model to study the causal relationships between immune responses to infection, innate immune-mediated autoinflammation, and adaptive immune-mediated autoimmunity.
Immune responses to B. burgdorferi infection, along with spirochetal interactions with host cells and tissue, result in inflammation and tissue damage, which must be repaired following pathogen clearance. This wound healing process involves many immune and stromal cell types, tumour growth factor-beta (TGF-β) and other tissue growth factors, and extracellular matrix (ECM) components (Martin, 1997) . Tissue repair is a highly coordinated process occurring in stages and is one of the most complex biological processes in humans (Gurtner, Werner, Barrandon, & Longaker, 2008) . Within hours of damage, repair begins with inflammation to control the infection, progresses to formation of granulation tissue that occurs within days to weeks after injury, and concludes with tissue remodelling and strengthening of scar tissue that may take up to a year (Gurtner et al., 2008) . When wound repair becomes dysregulated, chronic wounds (Singer & Clark, 1999) or tissue fibrosis (Ho, Lagares, Tager, & Kapoor, 2014) may develop that can lead to life-threatening conditions.
Using high-throughput RNA sequencing of synovial tissue, together with histologic and cytokine analyses, we found that the nature of inflammation in postinfectious LA was similar to that seen in other forms of chronic inflammatory arthritis and distinct from that seen in patients with minimally inflammatory osteoarthritis (OA).
Moreover, inflammation in postinfectious LA was dominated by a particularly robust interferon gamma (IFNγ) profile, but decreased expression of genes involved in repair of damaged tissue, including fibroblast and endothelial cell growth factors (ECGF), TGF-β activation, and ECM components. In patients with postinfectious LA, we hypothesise that following resolution of B. burgdorferi infection, appropriate tissue repair is stalled by excessive IFNγ-mediated inflammation, preventing a return to tissue homeostasis. This results in vascular damage, autoimmune or autoinflammatory inflammatory processes, fibrosis, and synovial hyperplasia lasting for months to several years, even in the absence of active infection. Table 1. The 14 patients with postinfectious LA, a number of whom were adolescents, underwent synovectomies a median of 14.5 months after the start of antibiotic therapy, and their median total arthritis duration was 18 months. In contrast, patients with other forms of chronic inflammatory arthritis and OA had a median arthritis duration of 84 and 60 months, respectively; they were significantly older, and most underwent joint replacement procedures, or in one case, a synovectomy. At the time of surgery, synovial tissue from patients with LA was uniformly negative for B. burgdorferi infection by polymerase chain reaction and culture. Furthermore, of the 12 patients who received immunosuppressive disease-modifying antirheumatic drug (DMARD) therapy after antibiotic therapy, none showed reactivation of infection. Together, these results suggest that patients were no longer actively infected and were in the postinfectious phase of the disease.
| Characterisation of the synovial lesion
Inflammation, fibrosis, and the degree of joint degradation were assessed in patients with postinfectious LA by histologic analyses (Figure 1 ) and magnetic resonance imaging scanning. The primary locations of inflammatory infiltrates, as indicated by intense haematoxylin staining, were along the synovial lining and sublining (Figure 1, inset i) and surrounding the microvasculature, which often contained a mixture of obliterated vessels (Figure 1 , inset ii) and inflamed intact vessels ( Figure 1 , inset iii). Synovial tissue also showed marked tissue fibrosis, indicated by intense eosin staining of ECM proteins, and was most pronounced within perivascular regions, which also contained inflamed blood vessels (Figure 1 , insets i and ii). Blinded scoring of stained sections showed that postinfectious LA patients tended to have higher scores for cell infiltrates than RA or OA patients, whereas their fibrosis scores were in between the higher scores in RA patients and the lower scores in OA patients. However, there was substantial variability, both between samples and within individual sections. Magnetic resonance imaging of the affected joints was available in 11 of the 14 postinfectious LA patients. Consistent with our previous description of radiologic findings in LA patients (Lawson & Steere, 1985) , all patients had proliferative synovitis and moderate joint effusions, and five also had evidence of mild cartilage damage and/or bony erosion. Genes encoding IgG heavy and light chains were expressed at very high levels in most LA patients, presumably due to localised production of IgG antibodies by plasma cells, which are highly abundant in synovial tissue (Londono et al., 2014) . However, only a few genes involved in B cell activation were expressed in synovial tissue, suggesting that Lyme-associated B cell activation was occurring elsewhere, such as within secondary lymphoid tissue. In contrast, marked T and NK cell signatures indicated that these lymphocytes were highly activated (or reactivated) within synovial tissue itself.
In addition to adaptive immune responses, genes associated with innate immune responses were also highly expressed in patients with postinfectious LA (Figure 3b ). Genes associated with pathogen recognition (e.g., TLRs and NOD2) and NF-κB-responsive cytokines and chemokines were particularly elevated, despite lack of evidence of ongoing infection. As with the cell-mediated immune response, all patients with postinfectious LA and most patients with other forms of chronic inflammatory arthritis had high expression of these innate immune response genes. Patients RA2 and PSA2, however, had innate response expression profiles most like that seen in OA. These results suggest that both adaptive or autoimmune and innate or autoinflammatory processes may play a role in postinfectious LA disease pathogenesis.
To confirm immune activation at the protein level, cytokines and chemokines associated with innate or Th1 and Th17 adaptive immune responses were measured in serum, SF, and synovial tissue from 10 patients with postinfectious LA for whom matched samples were available. The levels of most cytokines, particularly those associated with Th1 responses (e.g., IFNγ, CXCL9, and CXCL10) and innate immune responses (e.g., IL-6, IL-8, and CCL2) were highly concentrated in SF compared with serum ( Figure S1 ). Similarly, the levels of T cell chemokines CXCL9 and CXCL10, as well as a number of innate cytokines, were highly abundant in synovial tissue, consistent with Figure 3c ). In contrast, most patients with RA and other forms of inflammatory FIGURE 3 Gene expression comparisons between patients with postinfectious LA, other forms of inflammatory arthritis, and OA. Hierarchal clustering analysis is shown for genes differentially expressed between postinfectious LA and OA, associated with (a) cell-mediated immune response KEGG pathways (antigen processing and presentation, NK cell-mediated cytotoxicity, and TCR signalling pathways), (b) innate immune response (NOD-like receptor signalling and Toll-like receptor signalling pathways), (c) cell proliferation and differentiation (HIPPO signalling and TGF signalling pathways), or (d) metabolic pathways (PPAR signalling, lipolysis, adipocytokine signalling, AMPK signalling pathways). Logtransformed maximally expressed genes are indicated in red (row max), and minimally expressed genes are indicated in blue (row min). Clustering of genes was performed using one minus Pearson correlation analysis. KEGG: Kyoto Encyclopedia of Genes and Genomes; LA: Lyme arthritis; NK: natural killer; OA: osteoarthritis; RA: rheumatoid arthritis; TCR: T cell receptor; TGF: tumour growth factor arthritis had a cell proliferation or differentiation profile like that seen in OA, with the exception of two patients (RA5 and UIM1), who were similar to postinfectious LA.
Expression levels of a number of genes associated with cell metabolism were also lower in postinfectious LA than in other groups.
These included genes encoding insulin-like growth factor 1 (IGF1), leptin receptor (LEPR), lipid-binding enzymes, and proteins involved in fatty acid metabolism (Figure 3d ). These genes are typically associated with adipogenesis, which is an important biological process during joint tissue repair (Mobasheri et al., 2017 MicroRNA (miRNA) expression profiling was also conducted previously using RNA collected from the same patients used in this study (Lochhead et al., 2017) . In the previous study, patients with figure) . LA: Lyme arthritis; OA: osteoarthritis to exhibit chronic overexpression of TGF-β and other tissue growth factors (van der Kraan, 2017) and has altered metabolism within the joint microenvironment (Mobasheri et al., 2017) . Thus, whereas there is a range of gene expression profiles in RA, the gene expression profile in postinfectious LA is more uniform and is similar with that of the inflammatory RA subgroup. Although cartilage loss and bony erosion may occur in postinfectious LA (Lawson & Steere, 1985) , it is generally a minor component of the disease.
The correlations between gene expression profiles in synovium and previous histologic (Londono et al., 2014) and microRNA (Lochhead et al., 2017) genes (Crandall et al., 2006) . This phenotype is dependent on Type I IFN (IFNαβ) overexpression by myeloid cells in C3H mice (Lochhead et al., 2012; Ma et al., 2014; Miller, Ma, Crandall, Wang, & Weis, 2008; Paquette et al., 2017) and on Type II IFN (IFNγ) overexpression by T cells in B6 Il10 −/− mice Whiteside et al., 2018) . Conversely, wild-type C57BL/6 mice, which develop mildly inflammatory LA, have marked upregulation of tissue repair genes in infected joints, with only a modest upregulation of IFN-responsive genes (Crandall et al., 2006) , similar to our OA cohort or the low inflammatory RA subgroup.
In humans, as in mice, these IFN or tissue repair processes are likely initiated relatively early during infection. A strong IFN expression profile is present in erythema migrans, the initial skin lesion of early LD (Marques et al., 2017) , and an in vitro model of early infection Johnston et al., 1985) .
Connective tissue damage is likely initiated by endothelial cell and ECM damage that occurs during infection. B. burgdorferi directly interacts with vascular endothelial cells (Coburn, Magoun, Bodary, & Leong, 1998; Sellati, Burns, Ficazzola, & Furie, 1995; Szczepanski, Furie, Benach, Lane, & Fleit, 1990) . This interaction elicits a proinflammatory endothelial cell response (Lochhead et al., 2012; Sellati, Abrescia, Radolf, & Furie, 1996; Wooten, Modur, McIntyre, & Weis, 1996) and promotes vascular leakage (Sellati et al., 1995) . During the infection, spirochetes are trapped within obliterative microvascular lesions in synovial tissue (Johnston et al., 1985) and in other tissues (Cadavid, 2006) , and infection results in significant damage to the microvasculature Lalosevic, Lalosevic, Stojsic-Milosavljevic, & Stojsic, 2010; Lochhead et al., 2015) . Vascular leakage is itself a profibrotic process (Shea et al., 2017) . Additionally, B. burgdorferi binds to soluble fibronectin (Niddam et al., 2017) and fibronectin within the joint (Lin et al., 2014; Lin et al., 2015) , resulting in inflammation at sites of vessel injury and induction of clot formation, a process that is regulated by plasma fibronectin (Wang, Gallant, & Ni, 2016) . Interestingly, obliterative microvascular lesions in LA are reminiscent of the vasculopathy in tertiary syphilis, which is caused by another pathogenic spirochete, Treponema pallidum (Derick & Hass, 1935) , which expresses adhesion molecules that directly interact with host endothelial cells and ECM components (Parker et al., 2016) . Thus, vascular leak-induced fibrosis may be particularly relevant to tissue damage caused by spirochetal infections. Clues from both humans and animal models suggest that autoinflammatory responses to damage-associated molecular patterns (DAMPS) may be contributing to chronic inflammation. In mice, accumulation of ECM and cellular debris, such as partially digested glycosaminoglycans, contribute to LA severity in C3H mice (Ma et al., 2014) .
Alternatively, pathogen-associated molecular patterns may be acting as an inflammatory adjuvant, even when the bacteria have been killed.
In mice, spirochetal antigens accumulate in joints following antibiotic therapy (Bockenstedt, Gonzalez, Haberman, & Belperron, 2012) , and during infection, B. burgdorferi and host cells exchange lipids (Crowley et al., 2013) , which may make these cells immune targets, even when spirochetes are no longer present (Crowley et al., 2016) . The role of innate sensing of DAMPs and pathogen-associated molecular patterns in postinfectious LA is supported by genetic analysis, showing that a polymorphism in TLR1 is associated with significantly higher levels of IFNγ-inducible cytokines and with significantly greater likelihood of postinfectious LA (Strle et al., 2012) .
It is also possible that autoimmune responses to Lyme-associated autoantigens contribute to chronic inflammation. For example, antibodies against ECGF , which are associated with obliterative microvascular lesions (Londono et al., 2014) , could be contributing to ongoing vascular inflammation, even after the infection has been cleared. Interestingly, autoantibodies to known Lyme-associated autoantigens ECGF, MMP-10, APOB-100, and ANXA2 may be detected at low levels in some patients with erythema migrans, generally without an accompanying T cell response Crowley et al., 2016; Drouin et al., 2013; Pianta et al., 2015) . This initial response appears to be non-pathogenic and might even help to limit pro-inflammatory responses to DAMPs during tissue repair. However, under chronic inflammatory conditions, this benign or beneficial autoimmune response seems to become increasingly T cell-dependent and pathogenic. We have previously shown that in patients with postinfectious LA, a large percentage of the CD4 + CD25 hi population, which ordinarily consist primarily of regulatory T cells, exhibit proinflammatory properties when restimulated, typical of effector T cells (Shen et al., 2010; Vudattu, Strle, Steere, & Drouin, 2013) . (Arvikar et al., 2013; Potempa, Mydel, & Koziel, 2017) , dysbiosis within the gut Van de Wiele, Van Praet, Marzorati, Drennan, & Elewaut, 2016) , or smoking-related lung fibrosis (Antoniou et al., 2013) . However, in RA, autoimmunity usually develops into a life-long immune disorder, which does not happen in postinfectious LA, implying that in RA, antigenic triggers remain.
In a companion article published by Lochhead et al. in 
| Patients
All patients with LD met the Centers for Disease Control and Prevention criteria for B. burgdorferi infection (Centers for Disease & Prevention, 1995) , and those with RA, psoriatic arthritis, UIM, or OA met validated criteria for those diseases (Aletaha et al., 2010) . LA patients received treatment according to an algorithm (Steere & Angelis, 2006) , as detailed in the guidelines of the Infectious Diseases Society of America (Wormser et al., 2006) .
| Determination of inflammation and fibrosis
Synovial lesion biopsies were collected and frozen at the time of surgery. Biopsies were sectioned and stained using haematoxylin and eosin and imaged using an AxioScan.Z1 scanner (Zeiss). Images from postinfectious LA, RA, and OA patients were assigned a random code and blindly scored by ACS for infiltrate and fibrosis severity, with 4 being the most severe, and 1 being mild.
| RNA purification
Tissue biopsies were collected at the time of synovectomy and placed immediately in RNA later and stored at −20°C. RNA was recovered from~100-mg synovial tissue using a miRNeasy kit (Qiagen). Ribosomal RNA was depleted using RiboZero reagent (New England Biolabs).
Synovial tissue RNA quality was determined using a Bioanalyzer (Agilent), and low-quality RNA samples were excluded from this study. broadinstitute.org/morpheus/), a matrix visualisation and analysis platform; KEGG pathway analysis (GenomeNet, www.genome.jp/kegg/ pathway; Kanehisa & Goto, 2000) , a tool to identify enriched biological pathways; Gene Ontology (GO, www.geneontology.org/page/goenrichment-analysis) (Ashburner et al., 2000) , a gene enrichment analysis tool; and INTERFEROME v2.0 (interferome.its.monash.edu.au/ interferome; Rusinova et al., 2013) , a tool to compare gene expression profiles with a searchable database of interferon-regulated genes.
| Determination of gene pathway signatures
Gene pathway signatures for each sample were determined by calculating the median value of log-transformed expression of differentially expressed genes identified by bioinformatics analysis used in this study, normalised to geometric mean gene expression. Genes not expressed in all synovial tissue samples were excluded from analysis.
Cell-mediated immune response gene signature included genes differentially expressed between post infectious LA and OA from the following KEGG pathways: antigen processing and presentation, NK cell-mediated cytotoxicity, and T cell receptor signalling (B2M,   CARD11, CD244, CD247, CD248, CD28, CD3D, CD3E, CD40LG,   CD48, CD74, CD8A, CIITA, FASLG, FCGR3B, GRAP2, nine of the 14 patients used in this study. Staining intensity was ranked in a blinded fashion from lowest (1) to highest (9) and were correlated with gene expression profiles using PRISM v.6 (Graph Pad).
| Statistical analysis
Differential expression analysis (custom bioinformatics R script) was used to determine differences in synovial tissue mRNA expression, adjusting for false discovery error using Benjamini-Hochburg correction (adjusted P < 0.05). Clustering of genes was performed using one minus Pearson correlation analysis. Mann-Whitney exact test was used to determine differences in clinical data between groups.
Correlations between patient gene profile signatures, microRNA expression, and antibody staining were determined using Pearson's r coefficient analysis. Friedman's paired test with Dunn's multiple comparison correction was used for paired measurements from the same patient. Statistical significance (P < 0.05) was determined using PRISM v6 (Graph Pad) or statistical analysis algorithms from web-based bioinformatics platforms used in this study.
